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Background of the Invention 

[001] This invention relates to systems and methods for inductive heating, 
and more specifically to power supplies for enhanced efficiency in such heating 
systems and methods. 

[002] It is common practice to inductively heat a cylinder or tube of a 
magnetisable materia), such as steel, by an induction (eddy) current. This eddy 
current is induced in the material by an applied magnetic flux, the magnetic flux 
being generated by passage of an alternating current through pne or more heater 
coils typically disposed around the cylinder or tube. This method of inductive 
heating can be adapted to various other types of work pieces or loads, including: 
fluids; filled or semisolid or solid materials (e.g., molten steel or magnesium filled 
and non-filled polymers, billets, ceramics); and substrates (e.g., where heat 
inductively generated in the substrate is transferred to another article, such as a 
semiconductor wafer). 

[003] In the various known systems, the article to be heated may itself be 
heated by an induction current, or the article to be heated may be in thermal 
communication, e.g., by conduction or radiation, with another article being 
inductively heated. Still further, the heater coil (to which the alternating current is 
applied, causing the coil to generate the alternating magnetic field) may be made of 
a more highly resistive material thereby increasing the amount of resistive heat 

generated in the coil; this resistive heat may likewise be transferred to the article to 

i 

be heated. For example, Nichrome is a nickel chromimum (NiCr) alloy that has 
roughly sixty times the electrical resistivity of copper. Thus, a Nichrome heater coil 
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can generate both an alternating magnetic field to cause inductive heating in an 
article lying within the field, as well as resistive heat in the coil which is then 
transferred by conduction and/or radiation to the same article. 

[004] Various systems have been proposed which utilize different 
combinations of such heating techniques. There is a need for energy sources to 
power such systems more efficiently and preferably at a lower cost than in the past. 

SUMMARY OF THE INVENTION 

[005] Systems and methods consistent with the present invention include the 
following implementations. : 

[006] An apparatus according to one implementation includes an article to be 
inductively heated and a heater coil, where a current pulse signal with high- 
frequency harmonics is supplied to the heater coil. The heater coil, which is at least 
partially embedded in the article, generates a magnetic flux based on the current 
pulse signal and is inductively coupled to the article, the article forming at least a 
portion of a closed loop for the magnetic flux. 

[007] In another implementation, the apparatus is a power source providing 
current pulses with high-frequency harmonics to a heater coil, the coil generating a 
magnetic flux for inductive heating of an article. The high-frequency harmonics 
enhance a relative proportion of inductive heating, compared to resistive heating, of 
the heater coil. The power source may include a lower line frequency current 
source. The heater coil may include a resistive conductor for generating resistive 
heat, wherein the resistive conductor is in thermal communication with the article. 
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[008] The heater coil may be inductively coupled to a load which includes the 
article. The load may include a core and a yoke, with the heater coil disposed 
between or embedded within at least one of the core and yoke. The core may have 
a passageway for a flowable material, wherein the core heats the flowable material. 
The heater coil may be positioned in the core so that heating is concentrated in the 
passageway. 

[009] In one implementation, an article which forms at least a part of a 
closed loop for the magnetic flux, has a first portion in which inductive heating is 
more concentrated compared to a second portion of the article. The second portion 
creates discontinuities or restrictions to the flow of eddy currents, such as by slots or 
% air gaps in the second portion. 

[010] According to another implementation, available power sources are 
provided which supply current pulses with an adjustable energy content to a heater 

coil, so as to adjust a ratio between inductive and resistive heating produced by the 

/ 

coil. 

[01 1] In another implementation, an apparatus includes a heater coil 
inductively coupled to an article, the article having a passageway for a flowable 
material to be heated, the coil being positioned in the article to deliver heat 
generated inductively in the article to the flowable material in the passageway, and a 
source of adjustable nonsinusoidal current pulses coupled to the heater coil for 
adjusting the delivery of inductive heating to the flowable material in the 
passageway. 
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[012] A method implementation includes steps of providing a heater coil in 
thermal communication with and inductively coupled to an article, and providing an 
adjustable nonsinusoidal current pulse signal to the heater coil for adjusting the ratio 
between inductive and resistive heating of the article. 

[013] According to another method implementation, the steps include 
providing a heater coil inductively coupled to an article, and providing a 
nonsinusoidal current pulse signal to the heater coil with the pulse having a rate of 
change which produces high frequency harmonics. 

BRIEF DESCRIPTION OF THE FIGURES 

[014] Fig. 1a is a cross-sectional schematic diagram of one implementation 
of a heating system for providing both inductive and resistive heating, wherein a 
heating coil is embedded between a ferromagnetic core and a ferromagnetic yoke 
producing a closed magnetic loop and enhanced magnetic coupling between the coil 
and core/yoke; 

[01 5] Fig. 1 b is an enlarged fragmentary view of the encircled section A of 
Fig. 1a, showing the coil disposed in a groove in the core to provide close physical 
contact and enhanced inductive coupling between the heating coil and core/yoke; 

[016] Fig. 1c is perspective view, partially in section, of a secbnd 
implementation of a heating system, similar to Fig. 1a but with slots in the yoke 
disposed perpendicular to the coil axis; 

[017] Fig. id is a sectional view taken along lines C-C of Fig. 1c showing 
induction (eddy) currents in the core directed oppositely to the current direction in 
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the coil, and showing discontinuities in the eddy current in the yoke because of the 
slots; 

[018] Fig. 1e is a schematic view of a barrel extruder apparatus which may 
utilize the heating systems of Figs. 1a-1d; 

[019] Fig. 2 is a general schematic diagram of a power supply which 
provides current pulses to a heating system of the type shown in Figsi. 1a-1d, 1 
according to one implementation of the invention; 

[020] Fig. 3a is a circuit diagram of a power supply using thyristors to provide 
the current pulses; 

[021] Fig. 3b is a circuit diagram of a power supply using gate-turn-off (GTO) 
thyristors to provide the current pulses; 

[022] Fig. 3c is a circuit diagram of a power supply using an integrated gate 
bipolar transistor (IGBT) device to provide the current pulses; 

[023] Fig. 4a is a timing diagram showing the generation of current pulses 
from a low-frequency line current by the thyristors of Fig. 3a; 

[024] Fig. 4b is a timing diagram showing the generation of current pulses 
from a low-frequency line current by the GTO thyristors of Fig. 3b, 

[025] Fig. 4c is a timing diagram showing the generation of current pulses by 
the IGBT device of Fig. 3c; 

[026] Fig. 5a is a circuit digram showing one configuration of a three-phase, 
three pulse unipolar commutator to provide additional current pulses from additional 
phases of the line frequency supply, and Fig. 6a is the associated timing diagram; 
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[027] Fig. 5b is a circuit diagram showing one configuration of a three-phase, 
six pulse bipolar commutator for providing additional current pulses from additional 
phases of the line frequency supply, and Fig. 6b is the associated timing diagram; 

[028] Fig. 5c is a circuit diagram showing one configuration of a one-phase, 
two pulse unipolar pulsator for providing additional current pulses from the bridge 
circuit of the line frequency supply, and Fig. 6c is the associated timing diagram; 

[029] Fig. 5d is a circuit diagram showing one configuration of a three-phase, 
six pulse unipolar pulsator for providing additional current pulses from additional 
phases of the line frequency supply, and Fig. 6d is the associated timing diagram; 

[030] Fig. 5e is a circuit diagram showing one configuration of a three phase, 
twelve pulse unipolar pulsator for providing additional current pulses from the line 
frequency supply, and Fig. 6e is the associated timing diagram; 

[031] Fig. 7 shows an isometric view of a heating unit used in an experiment 
comparing the heating performance from a sinusoidal current compared to current 
pulses, including an enlarged cross-sectional portion taken along lines A-A; 

[032] Fig. 8 is a graph of recorded data for the experiment using the 
apparatus of Fig. 7, which shows a substantially higher rate of heating with the 
current pulses as compared to a line frequency sinusoidal current; 

[033] Fig. 9 is a schematic diagram of the current pulse profile supplied to 
the apparatus of Fig. 7, which produced the experimental data shown in Fig. 8; 

[034] Fig. 10 is a cross-sectional schematic diagram of an alternative 
implementation, a furnace, including an enlarged fragmentary view of the encircled 
section A; 
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[035] Fig. 1 1 is a cross-sectional schematic diagram of an alternative 
implementation, a water heater or chemical reactor; and 

[036] Fig. 12 is a schematic diagram of an alternative implementation, a 
chemical container or reactor with heater patches mounted thereon. 

DETAILED DESCRIPTION 

[037] According to one implementation of the present invention, it has been 
determined that providing current pulses of a certain profile to an inductive heating 
system increases the proportion of inductive heating (compared to resistive heating) 
without requiring an increase of current in the heater coil. More specifically, current 
pulses having a rapidly changing current profile enhance the inductive heating 
performance. These pulses include high-frequency harmonics, occurring above the 
border frequency of the heating system. The provision of such pulses to a heater 
coil significantly increases the power inductively provided to a ferromagnetic core or 
other inductively heated load, without requiring an increase of the Root Mean 
Square (RMS) current in the coil. 

j 

[038] One feature of this approach can be the provision of a simpler and less 
costly power supply, compared to the high-frequency sinusoidal resonance power 
supply converters used with prior art inductive heating systems. More specifically, 
when a small air gap is present in the prior art systems, for example, between the 
heater coil and the object being heated, this air gap constitutes a high equivalent 
magnetic resistance to flux and produces a high border frequency. The border 
frequency is the frequency above which the eddy current is 180° out of phase with 
the current in the coil. In other words, the border frequency is the frequency above 
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which the inductively heated core behaves equivalent to a purely resistive load 
relative to a power supply source. To resolve this problem, the prior art systems 
utilized a very high frequency and a high current signal in a resonance circuit, which 
were believed to be necessary to overcome the effects of the air gap and enable 
rapid inductive heating of the core. 

[039] In contrast, it has been determined that by providing better coupling 
between the coil and the core, such as for example by embedding the coil wholly or 
at least partially in the core, and by preferentially providing a closed loop for the 
magnetic flux, such as for example providing a magnetic yoke to close the loop with 
the core, the border frequency of the system can be significantly decreased. This 
reduction of the border frequency can then be advantageously utilized to provide 
larger amounts of energy in the current pulses above the border frequency of the 
system, and thus provide a greater percentage of inductive heating without 
increasing the current in the coil. The desired current pulses preferably have steeply 
varying portions, such as a steeply varying leading edge and/or trailing edge. These 
high slope regions provide a significant amount of energy in the pulse in the form of 
high-frequency harmonics, which may be far above the border frequency of the 
system. 

[040] The desired current pulses can be provided with a lower cost power 
supply, utilizing a pulse generator supplied with a low or line frequency signal. Line 
frequency is defined as the Hertz (Hz) level in power sources typically utilized or 
available for personal, commercial or industrial users, e.g. 50 or 60 Hz. Various 
signal generating devices, including thyristors, gate-turn-off (GTO) thyristors, silicon 
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controlled rectifiers (SCR), and integrated gate bipolar transistor (IGBT) devices, can 
be used to provide the short current pulses from a line frequency or direct current 
(DC). The pulsed, nonsinusoidal current signal, does not require a resonance 
circuit; in fact it is desirable not to provide a resonance circuit so that the high- 
frequency harmonics in the pulses are maintained. The presence of these 
harmonics significantly increases the power transferred inductively to the core or 
load. 

[041] The desired current pulses may substantially improve the performance 
of heating systems which utilize a combination of inductive and resistive heating, as 
well as for purely inductive heating systems. The current pulses are preferably used 
in a system with a closed magnetic loop, but will also improve performance in 
inductive heaters that do not have a closed magnetic loop. The lack of a closed 
magnetic loop may occur in a system having an air gap between the heater coil and 
the heated object, or any portion of the magnetic loop, or because of heating an 
electrically conductive, but non-magnetic core or load material. 

[042] The following equations 1 may be used to calculate the resistance to 
the flow of eddy currents in a material forming a cylinder (1a) or a flat plate (1b) 
which is part of a closed magnetic loop, for a sinusoidal current applied to a heater 
coil (wrapped around the cylinder or in snake shape on the flat plate) at a frequency 
above the border frequency, where for a cylinder: 
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R e is the equivalent resistance to the flow of eddy currents, 

D is the diameter of the cylinder, 

L is the length of the cylinder, 

p is the resistivity of the cylinder material, 

|x is the permeability of the cylinder material, 

co is the angular frequency of the eddy currents in the cylinder, 

and for a plate: 



R e is the equivalent resistance to the flow of eddy currents, 

L is the length of the coil conductor, 

p is the perimeter of the coil conductor, 

p is the resistivity of the flat plate material, 

(i is the permeability of the flat plate material, 

co is the angular frequency of the eddy currents in the plate, 

where co=27if, f is the fundamental frequency, and f = 1/T for a period T. 

[043] The equivalent eddy current resistance R e increases as the square root 

of the frequency co, for sinusoidal currents. It has been experimentally determined 

that equivalent eddy current resistance increases much faster with use of the current 

pulses described herein. Without limiting the scope of the invention, it may be 

theorized that this increased resistance is due to the effective frequency of such 

current pulses being higher than their nominal frequency, because the pulses 

include high frequency harmonics. Thus, by providing current pulses with a high 

rate of change of current, with respect to time, the current pulses can actually be 

provided at a lower fundamental frequency than the sinusoidal current which these 



pulses are replacing, because the steeply varying portion of these current pulses 




(1b) 
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provides high frequency harmonics that more than make up for their lower 
fundamental frequency. As a result, more power than expected is inductively 
provided to a core or load when power is provided to the coil. 

[044] The desired current pulses can be generated by a variety of electronic 
devices which provide the required rapid switching to produce much of the pulse 
energy in high frequency harmonics. The use of multi-phase devices can further be 
used to boost the fundamental frequency of the pulses. These aspects will be 
described in greater detail later in the specification, with respect to a comparative 
experiment (see the text accompanying Figs. 7-9). 

[045] Various implementations of an inductive heating system will now be 
described that may advantageously utilize these current pulses. 

[046] Figs. 1a-1d show two implementations of a heating system in which a 
heater coil is embedded in the article (ferromagnetic core and yoke) being 
inductively heated. Fig. 1a is a cross-sectional view of a first implementation, and 
Fig. 1b is an enlarged fragmentary view showing the tight physical (thermal) contact 
and magnetic coupling between the heater coil, core, and yoke. 

[047] More specifically, Fig. 1a shows a cross-sectional portion of an 
inductive heating system 25 which includes a ferromagnetic core 22 of a generally 
cylindrical shape (about center line 29) having a hollow central passageway 26 
through which a flowable material (to be heated) may be passed. For example, core 
22 may be part of a sheet extrusion die, a melt manifold/melt conveyer, or a dynamic 
mixer/plasticizing unit, and the flowable material may be food, plastic, or metal, etc., 
the later being the ultimate target for the heat from the inductive heating system. A 
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substantially cylindrical and coaxial ferromagnetic yoke 28 surrounds the cylindrical 
core, with substantially direct contact between the outer diameter 23 of the core and 
inner diameter 27 of the yoke. The yoke 28 closes the loop (magnetic flux lines 23) 
so as to retain substantially all of the magnetic flux within the adjacent ferromagnetic 
core 22 and yoke 28, thus substantially increasing the magnetic coupling, reducing 
the equivalent resistance to magnetic flux, and decreasing the border frequency of 
the system. 

[048] A heater coil 20 is embedded within core 22. Heater coil 20 is 
wrapped in a helix-shaped groove 34 around the outside diameter 23 of core 22. 
This provides close physical contact and enables the heat resistively generated in 
the coil 20 to be transferred to the core 22. c 

[049] Coil 20 is highly magnetically coupled to the core 22, as shown by the 
flux lines 23. Coil 20 can be made from a solid conductor such as copper, or from a 
more highly resistive material such as nickel chromium. Core 22 is fabricated of a 
magnetically permeable material such as iron, or other ferromagnetic material to 
facilitate magnetic coupling. 

[050] Coil 20 thermally communicates by close physical contact with core 22 
and yoke 28 through a thermally-conductive, electrically-insulating material (e.g., 
layer or coating 36) surrounding coil 20. Suitable materials include magnesium 
oxide, and various alumina oxides, but other insulating materials can be used. 

[051] The central passageway 26 in core 22 is defined by the core's internal 
diameter wall 24. The substance to be heated, which can be a gas, liquid, solid or 
some combination thereof, is positioned in (or passes through) the passageway 26. 
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Heat inductively generated in core 22 is transmitted to the material in passageway 
26 via conduction and/or radiation. 

[052] Yoke 28 is made of a magnetically* permeable material such as iron or 
steel, or other ferromagnetic material. Yoke 28 is located adjacent to and in thermal 
communication with heater coil 20. Core 22 and yoke 28 are in direct contact 
(substantial elimination of air gap) to provide a closed magnetic loop, as well as 
thermal conduction. The close coupling of coil 20 to core 22 and yoke 28, 
substantially reduces the border frequency of coil 20. 

[053] A second implementation of a similar heating system is shown in Figs. 
1c-1d. This system 25' includes a modified yoke 28' having elongated hollow 
portions or slots 30 and between the slots, elongated solid portions or ribs 31; the 
slots and ribs are disposed substantially parallel to center line 29', at right angles to 
the coil axis. These slots, which are effectively air gaps, create discontinuities or 
restrictions in the eddy currents 32 within the yoke 28', as shown in Fig. 1d (a 
sectional view taken along section line C-C in Fig. 1c). In contrast, there are no slots 
in core 22 restricting the eddy currents 33 in core 22. This arrangement results in 
preferential inductive heating in the core 22, rather than the yoke 28'; this is 
desirable when the ultimate article to be heated is a material in the passageway 26 
of core 22. Thus, a greater percentage of the power delivered to the heating system 
is transmitted to the article to be heated, rather than yoke 28\ In Fig. 1d, the current 
35 in coil 20 is shown in a counterclockwise direction, and the resulting eddy current 
33 in core 22 in a clockwise direction. 
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[054] Fig. 1e shows a barrel extruder 12 incorporating the inductive heating 
system 25 previously described. The extruder includes a barrel zone 13 with a 
plurality of heating zones Z1-Z6, and a nozzle zone 14 with additional heating zones 
Z7-Z9. A flowable material to be heated enters the barrel through an inlet funnel 16 
at one end of the extruder, and proceeds through the various heating zones of the 
barrel and nozzle. Any one or more of the heating zones, such as zone Z2, may 
utilize the heating system 25 as previously described. 

[055] Fig. 2 shows a heating apparatus, similar to that of Figs. 1 a-1 d, 
connected to a power supply. A pulse generator 40 receives on input line(s) 43 a 
standard line frequency sinusoidal current signal 42 at approximately 60 Hz, and 
generates current pulses l c on output line 44 at that line frequency, or at a multiple of 
the line frequency, for delivery to coil 20. The current pulses in coil 20 generate a 
rapidly changing magnetic flux that is closely coupled to core 22 and which 
inductively heat core 22 (and ultimately the material in passageway 26). Significant 
eddy currents are avoided in yoke 28' because of slots 30, so yoke 28' is not 
substantially inductively heated. Eddy currents are favored in core 22 to significantly 
improve the overall inductive heating efficiency. 

[056] Pulse generator 40 may include one or more high-speed switching 
devices, such as thyristors 48A, GTO thryisters 48B, or IGBT device 48C, as shown 
in Figs. 3a-3c, respectively, that convert the line frequency sinusoidal current signal 

"A 

42 into current pulses l c as shown in. Figs. 3a-3c and 4a-4c, respectively. 

[057] Referring to Fig. 3a, thyrisotprs 48A are particularly useful for higher 
power applications, providing power in the thousands of kilowatts range. A one- 
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phase bipolar commutator 51 (shown in a dashed box in Fig. 3a) includes a pair of 
oppositely oriented thyristors T1 and T2 in parallel arrangement and controlled by a 
control circuit driver 50 that provides a control signal to pins 52 to turn T1 (or T2) on 
when the supply line voltage is close to reversing (see Fig. 4a). Once turned on, the 
thyristor can only turn off when the applied voltage reverses, which happens a short 
time later as shown in Fig. 4a. The period of the 60 Hz line frequency is 
T=(1/60)seconds, which is approximately 17 milliseconds. Thus, narrow current 
pulses 44A are generated near 0,180, 360 ...degrees (as shown in Fig. 4A), at twice 
the line frequency. The pulse amplitude can be increased by providing a 
transformer 54 that boosts the voltage of the line frequency sinusoidal current signal 
42 from Uoto U. Thus, the RMS current provided in short pulses 44A is 
approximately equivalent to the RMS current directly from the line frequency 
sinusoidal current signal 42 having voltage Uo. The pulses 44A which are supplied 
to heater coil 20 (represented by R q 2o. the equvalent total resistance of the heating 
coil circuit) include sharp slopes, in this case a steeply rising leading edge 46 and 
steeply falling trailing edge 47. A Fourier transformation of a pulse like 44A indicates 
that much of the energy of pulse 44A is in high frequency harmonics. Suitable 
thyristors T1 and T2 are available from International Rectifier Corp., El Sugendo, 
CA. Integrated circuit cAips with drivers 50 are also available for controlling the 
thyristors. 

[058] For medium power level applications, in the hundreds of kilowatts 
range, a pair of oppositely oriented GTO thyristors 48B can be substituted for the 
thyristors f 1 and T2 (of Fig. 3a) to provide current pulses 44B at any point in the 
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sinusoidal input signal (see Figs. 3b and 4b). Preferably, pulses 44B are provided at 
the peaks 42' of the line frequency sinusoidal current signal 42, as shown in Fig. 4b, 
reducing or eliminating the need to boost the sinusoidal current signal 42 with a 
transformer. Suitable GTOs are available from Dynex Semiconductor, Lincoln, 
United Kingdom. 

[059] For low and medium power level applications, an integrated gate 
bipolar transistor (IGBT) device 48C (see Fig. 3c) can be substituted for the 
thyristors T1 and T2 (of Fig. 3a) to provide pulses 44C having high frequency 
harmonics, such as the square wave form shown in Fig. 4c. A controllable rectifier 
60 rectifies the line frequency sinusoidal current signal 42 to provide a DC voltage 
input U D cto IGBT device 48C. Under the direction of control circuit 62, IGBT device 
48C generates current pulses from the rectified voltage so as to form square wave 
pulses 44C that are fed to the heater coil 20. Suitable IGBT devices are available 
from International Rectifier Corp., such as the IRGKI140U06 device which provides 
hard switching at 25 kHz with a V (voltage over extended time) of 600 volts and an l c 
(current over extended time) of 140 amps. Such IGBT devices were previously used 
to provide a high frequency signals to a resonance circuit for induction heating; 
however in the prior resonance systems, the advantage of high frequency harmonics 
in the pulses was not obtained. In contrast, here the current pulses with their high 
frequency harmonics retained are provided directly to coil 20, avoiding any use or 
requirement of a resonance circuit. The current pulses arrive at a fundamental 
frequency of the pulses, with the higher frequency harmonics arising from the 
sharply changing slope of the individual pulses. 
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[060] In each of Figs. 3a and 3b, a parallel arrangement of two oppositely 
oriented switching devices provides two pulses from each period of a single-phase 
sinusoidal line current supply. More complex arrangements of thyristors or GTOs 
can be used to provide more pulses from each period of a multi-phase supply. An 
example of such an arrangement is a three-phase, three-pulse unipolar commutator 
in which a three-phase supply 59 provides three unipolar pulses to coil R C 2o, as 
shown in the apparatus of Fig. 5a. The associated timing diagram is shown in Fig. 
6a, where the three voltage signals U A , U B , U c produce three pulses 44D in one 
period (T = (1/60) sec =1 7 ms). 

[061] Alternatively, a three-phase six pulse bipolar commutator 61 is shown 
in the circuit of Fig. 5b and corresponding timing diagram of Fig. 6b, producing six 
bipolar pulses 44E in one period. 

[062] As a, further alternative, a one-phase two-pulse unipolar pulsator 
supply 63 providing two unipolar pulses 44F, is shown in the circuit of Fig. 5c and 
the corresponding timing diagram of Fig. 6c. As a still further alternative, a three- 
phase six-pulse unipolar pulsator supply 65, providing six unipolar pulses 44G, is 
f 

shown in the circuit of Fig. 5d and corresponding timing diagram of Fig. 6d. Finally, 
a three-phase supply 67, providing 12 unipolar pulses 44H, is shown in the circuit of 
Fig. 5e and corresponding timing diagram of Fig. 6e. 

[063] In Figs. 5a-5e, R C 2o is the equivalent total resistance of the heating coil 
circuit. In Fig. 5e, the transformers T1 and T2 provide two systems of three-phase 
voltages shifted 30 degrees - T1 is fed from 3 phases in a star-connection and T2 is 
fed from 3 phases in a delta-connection. In Figs. 6a-6b, the curves U A , U B and U c 
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denote timing diagrams of voltages in phases A, B and C. In Fig. 6d, the curves A, B 
and C relate to the voltages in phases A, B and C; the curves AB, AC, BC, BA, CA, 
CB relate to corresponding line voltages AB, AC and so on; in the interval 1-4 the 
thyristors 1 and 4 switch on and provide the current pulse to the load R C 2o from the 
line voltage AB; in the interval 1-6 the thyristors 1 and 6 switch on and provide the 
current pulse to the load R C 2o from the line voltage AC, and so on. In Fig. 6e, the 
curves AB, AC, BC, BA, CA, CB correspond to the line voltages AB, AC and so on 
supplied from the transformer T1 ; the curves AB', AC, BC, BA', CA', CB' correspond 
to the line voltages AB, AC and so on supplied from the transformer T2. 

[064] Providing the additional pulses increases the fundamental frequency 
and thus multiplies the frequency provided by the high frequency harmonic 
component of the individual pulses. Providing higher frequency signals results in 
higher equivalent eddy current resistance, and thus higher power provided to the 
inductively heated core. Because of the close magnetic coupling between the coil 
and core, the border frequency is reduced. The eddy current resistance increases 
as the square root of the frequency (above the border frequency). As such, the 
higher fundamental frequency provided by these more complex arrangements, 
combined with the high frequency of the steeply varying current pulse itself, provide 
significantly enhanced inductive heating. 

[065] An experiment was performed ^which illustrates the improved 
performance of a combined inductive and resistive heating system powered by the 
current pulses described herein, compared to the same heating system powered by 
a 60 Hertz sinusoidal signal voltage. The heating apparatus is shown in Fig. 7, a 
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i 

comparison of the heating rates in Fig. 8, and the shape of the current pulses in Fig. 

9. 

[066] As shown in Fig. 7, the article to be heated was a flat steel disc 70 (5 

r ' ■ 

mm thickness and 160 mm diameter) covered by a steel yoke 71 (1 mm thickness 
and 160mm diameter). This article was first heated with a 60 Hz sinusoidal signal 
(industrial power supply). Then, after cooling to ambient temperature, the plate was 
heated with current pulses from an IGBT source, similar to that shown and described 
in Fig. 3c. A heating coil 72 was formed of nickel chromium rectangular wire, 2.92 
meters long and having a crossection of 2.5 mm x 1 mm, to provide a coil resistance 
of 1.17 ohm. The coil 72, covered in an insulating material 75, was embedded in a 
snake-shaped groove 73 in the top surface 74 of the disc, then covered by yoke 71 
to provide a closed magnetic loop. The coil 72, disc/core 70 and yoke 71 , were all in 
close physical contact (minimizing any air gaps). The disc 70 and yoke 71 were 
made of the same steel material. From the configuration of Fig. 7, with the 
electrically insulated coil 72 embedded between steel disc 70 and steel yoke 71 , a 
border frequency was calculated from Equation 2 (which follows) of only 24 Hz. In 
contrast, a border frequency of about 2 Khz would be expected without the closed 
magnetic loop (without the yoke). 

[067] With a sinusoidal 60 Hz signal voltage across coil 72, a voltage was 
measured of 9 volts RMS to provide a current of 10 amps RMS. Thus, the electrical 
power delivered to the coil 72 was about 1 17 Watts. The rate of change of 
temperature of the the disc 70 is plotted in Fig. 8. The rate of change was 
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0.27°C/sec. for the 60 Hz sinusoidal voltage input. The power delivered to the disc 
70 was calculated to be 1 1 7 Watts. 

[068] From an analysis of electromagnetic processes under inductive 
heating, Kirchoffs equation for a heater coil circuit can be represented for 
frequencies higher than the border frequency, co > cob (where the border frequency 
co b = R m Rc= 27tf b ), by: 

U ps = l c (Rc + K c 2 N 2 R e ) + ldco(1-K c 2 )L c (2) 

where: 

co is the frequency of the power supply source above the border frequency; 
Ups is the RMS voltage of the power supply source; 
l c is the current in the heating coil (RMS); 
R e is the equivalent resistance to the flow of eddy currents; 
R m is the equivalent magnetic resistance of the magnetic flux circuit; 
N is the number of turns of wire in the coil; 
R c is the resistance of the heating coil; 
L c is the inductance of the heating coil; 
\ K c < 1 is the coefficient of electromagnetic connection between the heating 
coil and the eddy currents; and 
j = sqrt(-1) is the imaginary unit. 

[069] For the 60 Hz sinusoidal supply signal, a total resistance of about 1 .2 
ohms was measured from the voltage and current at the coil. The eddy current 
equivalent resistance R e was calculated (from Equation 1b) to be 0.1 ohm.. Adding 
in the resistance of the nickel chromium wire itself of 1 .17 ohms, the total resistance 
expected to be measured at the coil was 1 .27 ohms. The actual measured 
resistance of about 1 .2 ohms was reasonably close to this expected value. It can be 
seen from these numbers that only about 8% of the power was delivered inductively 
using the 60 Hz sinusoidal supply signal. Most of the power delivered can thus be 
accounted for by resistive heating of the nickel chromium wire. 
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[070] In comparison, when the 60 Hz supply signal was replaced with current 
pulses from an IGBT similar to that shown in Fig. 3c (obtained from International 
Rectifier Corp., IRGP450U, rated at 500 volts and 60 amps and hard switching to 10 
KHz), current pulses with a frequency of 5 KHz were provided. These pulses 80 
from the IGBT had the profile shown in Fig. 9, with four high slope segments in each 
pulse. The voltage was adjusted to provide the same current of 10 amps (as with 
the 60 Hz supply); however, to provide that 10 amp current with the high frequency 
pulses provided by the IGBT, the voltage had to be increased to 1 14 volts. The 
higher voltage was the result of the higher equivalent eddy current resistance in the 
heated article, as transformed back to the coil. The electrical power in the coil was 
now approximately 1 140 Watts. The rate of temperature increase in the steel disc 
was now measured at 2.6°C/sec, as shown in Fig. 8. 

[071] The eddy current equivalent resistance for 5 KHz current pulses was 
calculated from Equation 1b, which shows that the equivalent eddy current 
resistance increases as the square root of the frequency. Thus, with the 5 KHz 
frequency, which is almost 100 times higher than the 60 Hz provided in the first 
experiment, the eddy current resistance is expected to be about 10 times higher, or 
about 1 .8 ohms. In practice, the eddy current equivalent resistance at 5 KHz was 
actually measured to be about 10 ohms (dividing 114 volts by 10 amps and 
subtracting the 1 .17 ohms resistance of the coil itself). The much larger equivalent 
eddy current resistance actually measured shows that the eddy current resistance 
increased much more than the 10 fold increase expected from the less than 100 fold 
increase in nominal frequency. The effective frequency increase must have actually 
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been much higher than 5 KHz. To account for the almost 6 fold greater equivalent 
resistance, the effective frequency increase must have been about 180 KHz. This 
much higher frequency could have been obtained because of the high frequency 
harmonics in each of the pulses, as shown in Fig. 9. A Fourier transform of the 
pulses will show the high level of energy in these high frequency harmonics. 

[072] The Fourier transform for periodic functions (the current pulses are 
periodic functions) leads to Fourier series: 

F(t) = A0+A1 Sin(o)t)+A2Sin(2a)t) +A3Sin(3cot)+ ... 
where 

co = 27if = fundamental angular frequency, 
f = 1/T = fundamental frequency, 
t = time, 

T = period of this periodic function, 
AO = constant, 

A1,A2,A3,...= amplitudes of first, second, third, ... harmonics . 
For example a unity square wave function F sw (cot), with fundamental frequency co, 
has the following Fourier series: 

F sw (ot) = 4/tc[ Sin(cot) + 1/3Sin(3cot) + 1/5Sin(5cot) + 1/7Sin(7cot) + .... ] 
In the present case, the 6-fold increase means 5/6 = 83% of the pulse energy was in 
high frequency harmonics. Thus, the much higher than expected eddy current 
resistance can be explained by the presence of these high frequency harmonics in 
each pulse. As a result, with a higher frequency signal, a far greater proportion of 
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the power is provided to the heated article (here a metal disc) from the inductive 
heating, than from resistive heating. 

[073] In various implementations, providing 1 5 to 85% of the pulse energy in 
high frequency harmonics would be desirable. In particular implementations, the 
higher end of this range may be desirable, i.e., 70-85% (e.g., for rapid melting of a 
frozen plug in a nozzle or gate orifice to allow flow of a material or uniform heating of 
an extruder barrel). In such implementations, a lower range of 25-50% is less 
desirable, and with a middle range of 50-70% as the second preference. The 
operating range may vary from initial heat up to a steady state operating range. 

[074] As a basis of comparison, a rectangular shaped wave (instead of 
sinusoidal and with the same amplitude) has about 25% of its energy in high 
harmonics, while a triangular shaped wave (with the same amplitude) has about 
10%. 

[075] The heating power which is consumed from a power supply may 
contain two portions: 

a) power of the resistive heating 

Pr — lc 2 R c • 

b) power of the inductive heating 

P, = lc 2 Kc 2 N 2 R e 

where l c is the current in the heater coil (RMS) and R c is the resistance of the heater 
coil; R e is the equivalent resistance to the flow of eddy currents; N is the number of 
coil turns; and K c is a coefficient of electromagnetic connection between the circuits 
of the heating coil and the eddy currents. In the combined resistive/inductive 



24 



Attorney Docket No.: 09250.0001-00000 

implementations described herein, the resistive component P R actually contributes to 
the overall heating efficiency, as compared to the prior art systems which cool the 
heater coil and thus lose this component. Here the coil can be produced from a high 
resistivity and high working temperature material, e.g., NiCr (Nichrome). The 
heating coil is embedded in the heated article, which increases the coefficient of 
electromagnetic connection almost to K c =1 and therefore increases the induction 
portion of the heating power Pi under the same coil current. With l c (maximum 
allowed current for a given coil), N and K c fixed, the inductive component of the 
heating power Pi is increased by increasing the equivalent resistance of the eddy 
currents circuit R e (as previously described with respect to Equation 1). 

[076] An analysis of electromagnetic processes of inductive heating under 
an arbitrary input current, which is not necessarily a sinusoidal variation, shows that 
the resistance to eddy current flow R e is a function of the rate of change of current in 
the coil. The experimental data suggests that: 

R e - (dl c /dt) n , where n>1 (3) 
where l c is the current in the coil, and t is time. In view of this relationship, the 
proportion of heating from inductive heating can be significantly increased, without 
increasing the current in the coil, by replacing a high frequency sinusoidal current 
supply with current pulses having steeply varying portions. The pulses can be 
provided at a lower frequency than the sinusoidal current they are replacing, where 
the steeply varying portions provide high frequency harmonics that more than make 
up for the lower frequency fundamental. 

[077] Thus, with better coupling provided by embedding coil 20 in the core, 
and by providing a yoke to ensure a closed loop for magnetic flux, the border 

25 



Attorney Docket No.: 09250.0001-00000 

frequency is significantly decreased. This allows a substantial improvement in 
inductive heating performance by providing current pulses having high slope regions 
where a significant amount of their energy is provided in high frequency harmonics. 
This also substantially boosts the frequency of the signal in coil 20 over that 
provided by merely pulse generating a direct current or 60 Hz AC signal and 
providing those signals to a resonance converter power supply. 

[078] It has thus been shown that a lower cost power supply can be provided 
for induction heating, which includes a pulse generator that can be excited with a low 
or line frequency. Signal generating devices, including thyristors, GTOs, and IGBT 
devices can be used to provide short current pulses from the line frequency or direct 
current. The high frequency harmonics in these current pulses are preserved (in the 
absence of a resonance circuit) to significantly increase the power transfer to the 
inductively heated object. Also, cooling of the heater coil is not required, as in prior 
systems. 

[079] Other implementations of the invention will be apparent to those skilled 
in the art from consideration of the specification and practice of the invention 
disclosed herein. It is intended that the specification and examples be considered 
as exemplary only, with a true scope of the invention being indicated by the following 
claims. Examples of alternatives are described below. 

[080] The heater coil may be any type of conductive material or element that 
produces a magnetic field when placed in close proximity to a magnetic material. 

[081] Thus, by heater coil it is meant broadly any object or material which is 
electrically conductive (with varying levels of resistivity) for purposes of generating 



26 



Attorney Docket No.: 09250.0001-00000 

an alternating magnetic field when supplied with an alternating current. It is not 
limited to any particular form (wire, strand, coil, thick or thin film, pen or screen 
printing, thermal spray, chemical or physical vapor deposition, wafer or otherwise), 
nor to any particular shape or dimension (helical, planar, flat or otherwise). Typical 
examples include: helix or spiral, conical, two or three dimensional, water jet or 
stamp cut, wire EDM'd or milled, or a flat coil which is then formed into a cylindrical 
shape, etc. 

[082] A heater coil may be embedded wholly or partially in a core 22, 
alternatively in a yoke 28, or partially in both core 22 and yoke 28. The coil may be 
embedded in a reversing pattern, where the coil first heads in one direction then 
turns 180° and heads in the reverse direction, reverses again and repeats this 
pattern around or along the axis of a cylindrical object, or the surface of a planar (flat 
like) object. The coil may also be embedded in a spiral fashion on the surface of a 
generally flat like object. 

[083] A nickel chromium heater coil is described in one or more 
implementations herein, as being a substantially more resistive material than copper. 
Other suitable heater coil materials can be used also; referred to herein as resistive 
conductors, including for example alloys of nickel, chromium, aluminum, iron, 
copper, etc. 

[084] By article it is meant broadly any object or material (gas, liquid, solid or 

r 

combination thereof) which can be inductively heated by the application of a 
magnetic flux to induce eddy currents therein and the resulting inductive heating 
thereof. Thus, article is used broadly and includes any type of load. A core is one 
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type of article or load, commonly used in the field of inductive heating; again core is 
used broadly hereiri. There is no restriction on the geometry, dimensions and/or 
physical location of the article with respect to the heater coil, e.g., it can be radially 
inwardly or radially outwardly of the coil, and need not be cylindrical or tubular. 
Typical examples include: chemical reactor vessels, extrusion barrels, molds or dies, 
melt conveying systems, carburetor pre-heaters, silicon crystal growing systems, 
etc. 

[085] The article which undergoes inductive heating is not limited to a single 
article, e.g., a magnetic core as described herein, but may include multiple articles. 
For example, in addition to (or instead of ) a core as the heated article, the ultimate 
material to be heated, such as that passing through the passageway 26 of core 22, 
may be an electrically conductive material (such as aluminum or magnesium) which 
can be heated by induction from core 22 and by induction from coil 20. 

[086] An IGBT device capable of higher voltage and current than used in the 
described experiment can be run at a frequency higher than 5 KHz, thus providing 
much more power to the load for heating with the same coil and with the same 
current in the coil as provided in the 60 Hz experiment. 

[087] The RMS current in the coil and power provided by the coil can be 
controlled by varying the period (the fundamental frequency) of the pulses at 
constant pulse width, or by varying the width of the pulses at the constant 
fundamental frequency of the pulses provided to the coil, or by both. 

[088] By fundamental frequency it is meant the frequency of the pulse 

v.- 

repetition. 
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[089] By effective frequency it is meant the frequency of the pure sinusoidal 
signal which provides the same inductive heating effect as the pulse signal. 

[090] By high frequency harmonics it is meant the pure sinusoidal signals 
with frequencies at a multiple to the fundamental frequency. 

[091] A slotted yoke is described as one implementation of an article which 
closes the loop of magnetic flux (with the core), but is less efficient in terms of 
inductive heating because the slots (essentially air gaps) create discontinuities or 
restrictions in the magnetic field. Many other structures can be used to create such 
discontinuities or restrictions, for example, portions of the yoke can be made of 
materials (other than air) which are not magnetically permeable or substantially less 
permeable, than the favored ferromagnetic core, or the yoke can be made from 
ferrite, fluxtron or similar materials with high resistivity to the flow of eddy currents. 
Also, yoke is used broadly and is not limited to a specific structure, shape or 
material. 

[092] Fig. 10 illustrates a furnace 90 as an alternative heating system. The 
furnace includes a bowl-shaped container 91 forming a core, having a bottom wall 
97 and an upwardly flared side wall 98, with a coil 93 embedded in a cubical groove 
around the outer circumference of the side wall. A sleeve-like yoke 92 covers the 
core side wall 98, in direct contact, closing the magnetic loop. A fixed or removable 
lid 94 covers the top opening of container 91 . A product 95, which is molten or 
otherwise desired to be maintained above a select temperature, is contained within 
the core 91 . A detail section A shows the coil 93, surrounded by an insulating layer 
96, in close contact with the core side wall 91 and yoke 92. 
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[093] Fig. 1 1 shows a further alternative water heater or chemical reactor 
implementation in which a cylindrical core 101 has an embedded coil in its outer 
surface, and a cylindrical yoke 102 surrounds the core but is separated therefrom by 
an air gap 107. A disc-shaped lower yoke 105 in direct contact with yoke 102 closes 
the bottom end of the heater/reactor, and a disc-shaped upper yoke 104 in direct 
contact with yoke 102 closes the top end of the heater/reactor, thus closing the 
magnetic loop. The close physical (direct) contact between the core 101 with the 
upper and lower yokes 104 105, and the side wall yoke 102, enhances the coupling 
of the closed magnetic loop. A flowable material to be heated may be sent through 
the central passageway 109 in the heater/reactor. 

[094] Fig. 12 shows a further alternative heating system 1 10 in which a 
chemical container or reactor 112 has heater patches mounted thereon. Two 
alternative types of heater patches are shown, circular discs 1 14 on the right, and 
square or rectangular plates 1 16 on the left. The construction of these heater 
patches may be similar to the structure of Fig. 7. 

[095] These and other modifications would be readily apparent to the skilled 
person as included within the scope of the described invention. 
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